In many countries Mycoplasma pneumoniae (MP) epidemics last approximately 1 4 one to two years and occur every three to seven years. Poor understanding of the drivers of 1 5 recurrent MP epidemics limits the predictability of and dynamic responses to the outbreak.
at rate (1-ψ)λ through an edge linked with a node of infection (I 3-i or J 3-i ) to become 1 7 0 secondarily infected J 3-i , i={1,2}. Here ψ reflects the reduction in susceptibility due to 1 7 1 previous exposure to the other strain (i.e., cross-immunity). Nodes of secondary infection J i , i 1 7 2 = {1,2} stay infectious for an average of μD days before becoming fully immune to all strains and Keeling, 2002; Leventhal et al., 2015) . Similar to Eames and Keeling (2002) , the proportions of people in eight compartments are Here n XY is the number of pairs within the population. The number of homogenous pairs can 1 9 0 be found from these equations for heterogeneous pairs: e.g., [ and 28 integers of heterogeneous pairs. To focus on the impact of spatial correlation mediated 1 9 3 by network structure (i.e., competition among the limited number of partners) and 1 9 4
interactions between strains, two strains are simply assumed to be antigenically 1 9 5 indistinguishable within linked patients. with node Y having contacts with both X and Z is approximated in terms of the proportion of 2 0 0 pairs as in Eames and Keeling (2002), 
In the above equations, the different forces of infection are (
Strain 2 infects R 1 individuals: 2
The parameters of the model system are defined in Table 1 . Compared with the model 2 4 9
presented in Zhang (2016), here we introduce two interaction parameters to define the effects diseases, along with spatial competition embedded within the random network. Ignoring the 2 5 5 stochasticity due to the limited size of population, here we focus on these by considering an 2 5 6
infinitely large population (i.e., N ∞ ). We used Latin hypercube sampling (Iman et al., 1981) to identify parameter values which led 2 6 0
to model predictions of cycles in incidence which were consistent with those observed. The values of the following parameters were sampled within the ranges listed in The basic reproduction number (R 0 ) was fixed at 1.7 as estimated by Nguipdop-Djomo et al. Life Expectancy). A value for the interaction parameters ν and μ of 1.0 implies that there is no interaction on 2 7 9 the 2 nd infection from the primary infection (This is a special situation considered in Zhang 2 8 0 (2016)). If they are less than 1.0, it means the interactions diminish the relevant process. On 2 8 1 the contrary, if they are larger than 1.0, they enhance the processes. The ranges listed in Table   2 8 2 1 allow both increasing and decreasing effects to be selected. To constrain the interactions 2 8 3 within biologically reasonable limits, we allow both ν and μ to vary from 0.5 to 2.0. To consider the effect of network-mediated spatial correlation, the contact degree (κ) is allowed 2 8 5
to vary from 2.5 to 25. following we refer to this as the "characteristically recurrent epidemics of MP". We study two specific scenarios in relation to the occurrence of MP epidemic cycles. First, 3 0 4
assuming that two strains of MP interact only through the cross-immunity during the 3 0 5
reinfection process (i.e., ν=μ=1) we sought to explore how network-structured contacts alone in addition to the cross-immunity. Under this situation, we examine how these strain 3 0 9
interactions can help generate sustained recurrent epidemics and thus relax the requirement of generate MP recurrent epidemics that are of synchronous strains (see Appendix A). The results shown in Figure 2A illustrate that reproducing the characteristically recurrent 3 1 9 epidemics of MP is not possible unless the contact degree (κ) is less than 6.0. That is, without 3 2 0 strain interaction within the secondary infection (i.e., ν= μ= 1), it requires strong network- relatively large contact degree, the infectious period will need to become shorter while the 3 2 8 duration of immunity needs to become longer for recurrent epidemics consistent with those 3 2 9
observed to occur. Recurrent epidemics generated by a population of small contact degree (κ 3 3 0 being just larger than 2.5) have a high coefficient of variation and show strong oscillations 3 3 1 while those generated by the population of large contact degree (κ being just less than 6.0) 3 3 2 have low coefficient of variation ( Figure 2D ). Compared to other parameter combinations, Preliminary sampling experiments indicate that the number of parameter combinations that 3 6 6 can generate MP recurrent epidemics decreases quickly as the degree of contacts increases. parameter values were sampled by dividing them into groups by the ranges of κ: 2.5-6, 6-8, 3 7 0 8-10, 10-12, 12-14, 14-16, 16-17 with respective sampling sizes 200,000, 200,000, 3 7 1 250,000, 250,000, 250,000, 250,000, 500,000. We obtained 23534 combinations of model parameter values that generate characteristically recurrent epidemics of MP that are of 3 7 3 asynchronous strains; the maximum of κ is 16.2 (see Figure 4A ). Other 4426 combinations 3 7 4 generate MP recurrent epidemics that are of synchronous strains (see Appendix). The results shown in Figure 4 indicate that compared to the above situation (I), allowing for 3 7 7 strain interactions within secondary infections can lead to the characteristically recurrent 3 7 8 epidemics of MP even in a population that has little network mediated spatial correlation. The 3 7 9 maximum degree of contacts (16.2) is much larger than the maximum value of 5.9 that was 3 8 0 required for situation I. The distributed patterns in Figure 4A , 4B and 4C suggest that there is 3 8 1 a critical threshold in the degree of contacts (denoted by κ ac for asynchronous strain recurrent Figure 4D and 4E) . The conditions for the emergence of synchronous strains Figure 4F -4L. Figure 4F shows that the shape of 4 0 6 the epidemic curve (i.e., the coefficient of variance (CV) of incidence along the time) is suggests that within a looser networked population, the oscillation in incidence tends to 4 0 9 become stronger. However, CV is not sensitive to the other model parameters (data not 4 1 0 shown). The cycle of dominant strain shift ranges from 3 to 30 years ( Figure 4G) , which covers the 4 1 3 observational ranges: 10-16 years (Kendri et al., 2008; Kogoj et al., 2017) . Figure 4J indicates that when κ <κ ac , the cycle of dominant strain shift can be 1-6 times the duration of are positively associated with the duration of immunity, especially under mechanism 2 4 1 8
( Figure 4H and 4L) . Under mechanism 2, they are weakly and positively associated with the 4 1 9 infectious period ( Figure 4I and 4K) . Otherwise, they are insensitive to other parameters (see Figure 4G for the relationship between cycle of dominant strain shift and degree of contacts). regularly, recurrent epidemics consist of two different epidemics: one with high peak and 4 3 0 narrow active period, the other with lower peak but wide active period; two strains alternate 4 3 1 their dominancy accordingly. In panel D) two strains alternate with irregular peaks and total 4 3 2 incidence within each epidemic. The diverse patterns may mimic real observations in MP et al., 2008; Brown et al., 2016) . The findings assuming values for R 0 of 1.3 and 1.5 are similar to those obtained assuming a In this study we demonstrate that spatial correlation mediated by contact network of human with dominant strains shifting among epidemics. Accounting for realistic host population structure in infectious disease modelling is 4 6 9
important. It has been recognised that it is necessary to take true network contacts among 4 7 0 human populations to explain the observed dissemination patterns of infectious disease (e.g., network is its degree distribution. For community, school and hospital networks, empirical 4 7 5 studies suggest that the average degree is 6.5 (Leventhal et al., 2015) . This empirical 4 7 6 information of human contact networks therefore suggests that the network model without 4 7 7 strain interaction within secondary infection could not be a candidate mechanism for MP 4 7 8 recurrent epidemics. Interaction between different strains during re-infection (i.e. cross-immunity) is well known 4 8 1 and has attracted much effort to study and measure it. Once an individual is re-infected by Oxford: Oxford University Press. correlation between the genotype in the respiratory tract and the occurrence of deaths are not shown. Parameter κ is the degree of contacts each person has and μ is the 7 3 0 effect of primary infection strain on the duration of infection by the secondary strain. Variables F 1 (F 2 ) and G 1 (G 2 ) are forces of infection of strain 1 (strain 2) that are defined in 7 3 2 equations (4). R 0 =1.7 are assumed. As κ increases (i.e., network becomes weak), to reproduce epidemic 7 4 1 cycles consistent with those observed, the infectious period needs to decrease while the 7 4 2 duration of immunity needs to increase. 
